Abstract: A wideband multiwavelength Brillouin-erbium fiber laser (BEFL) with double Brillouin frequency spacing is demonstrated. The fiber laser structure utilizes a tunable band-pass filter and a pre-amplified Brillouin pump technique within a ring cavity. An average of six Brillouin-Stokes signals in C þ L bands with a constant wavelength spacing of 0.174 nm can be turned over a span of 80 nm from 1530 nm to 1610 nm. Total average output power of 8.5 mW from this laser structure was achieved. All the generated BrillouinStokes signals exhibit good stability, and high peak power of above À10 dBm per signal was demonstrated.
Introduction
Fiber lasers have broad-based appeal as a topic of study due to their numerous applications, among which are sensors, such as in laser gyroscopes [1] , current monitors [2] , generation of short optical pulses, millimeter wave carriers, and microwave signal processing [3] . Another major advantage of fiber lasers over Bbulk[ solid-state lasers is their ease of compatibility with other fiberbased components. Fiber lasers normally employed optical fibers that are doped with rare-earth materials as gain media. Different rare-earth materials that are used as gain media when designing fiber lasers include erbium, ytterbium, and bismuth-oxide. Cowle and Stepanov demonstrated the first integration of erbium and Brillouin gains in an optical fiber to create what is now known as Brillouin-erbium fiber laser (BEFL) [4] . BEFL has been receiving attention for its several advantages that include low threshold, narrow linewidth, and inherent maintained Stokes signal spacing of about 10 GHz [5] . Multiple-wavelength BEFL (MWBEFL) are then reported to be an attractive candidate to support the dense wavelength division multiplexing (DWDM) optical communication system [6] - [8] . In an effort to increase capacity utilization in the DWDM systems, researchers consider the long wavelength band (L-band) as an extension of the conventional band (C-band) of the low loss optical communication window. On the other hand, however, MWBEFL suffered a major setback of limited wavelength tuning range due to the mode competition imposed by the erbium gain characteristics. The tuning range is defined as the range of Brillouin pump (BP) wavelength, which produces the Stokes lines in the absence of self-oscillations cavity modes [9] . Several attempts were made at overcoming the problem of low wavelength tuning range in MWBEFLs. A 12-channel MWBEFL with wavelength tuning range of 14.5 nm was reported [9] . Higher tunability was reported in [10] at the expense of very high BP power that limits the number of the output channels. Tunability of 14.8 nm at 20 mW of pump power with only one output channel with its peak power at À20 dBm was achieved in [11] . However, when the pump power was increased to 156 mW, the tuning range dropped to 5 nm, although the output channels increased to seven with the first Stokes line having a peak power of 5.64 dBm. The concept of virtual reflectivity was employed to achieve a tuning range of 37 nm [12] . The mentioned works however covers the C-band only with 0.088-nm channel spacing. Similarly in the L-Band MWBEFL, several efforts to improve tuning range were reported. Tunability of 10 nm was reported at pump power of 100 mW in [13] . In another reported work, double-pass BP pre-amplification technique was utilized to produced 17 channels with a tunability of 14 nm [14] . Recently, wide tuning range of 40 nm that covers the whole L-band window was reported by utilizing the nonlinear amplified fiber loop mirror filter [15] . However, the proposed enhanced technique requires polarization controller, which restrict its practical application.
Deployment of MWBEFL in certain applications such as wavelength division multiplexing (WDM) system still needs to be confirmed. The limitations of narrow channel spacing, typically $10 GHz in silica fiber that are inherent to MWBEFL, affect channel demultiplexing and filtering. Therefore, many studies have been undertaken with a view to expand the channel spacing between the Stokes signals in order to facilitate the demultiplexing process [16] - [21] . In an earlier work, Oh et al. proposed C-band MWBEFL with 10-and 20-GHz channel spacing. The laser was composed using two metal-coated fiber planar mirrors and a Sagnac reflector to differentiate the Stokes ordering in terms of even and odd flows. Up to 6 Stokes signals were generated with a discrepancy of output power between spectral lines [16] . A bidirectional multiwavelength Brillouin fiber laser with double Brillouin frequency spacing in a ring cavity was reported in [17] . However, a very long fiber, 25-km SMF with high BP power of 14 dBm, was utilized for the generation of multi-order Stokes signals. In another work, a double Brillouin frequency spaced MWBEFL incorporating a 4-port circulator that circulate and isolate the odd-order Stokes signals has been successfully demonstrated [18] . Ten output channels with 0.174-nm Stokes signal spacing are generated and can be tuned over 9 nm only, from 1556 nm to 1564 nm. MWBEFL in figure-of-eight cavity using 100 m of photonic crystal fiber has been developed in [19] . Up to seven C-band Stokes signals are obtained with 0.16-nm channel spacing. In a more recent work, a tunable S-band multiwavelength Brillouin/Raman fiber laser with a tuning range between 1490 to 1530 nm has been demonstrated [20] . Multiwavelength comb consisting of odd and even Stokes signals at an average power of À12 dBm and À14 dBm are obtained using 7.7-km-long dispersion compensating fiber. Although extensive experiments have been explored on the MWBEFLs to improve the laser's tuning range and to also extend the channels spacing, the improvement was either in C-band or L-band communication windows. In addition, all the reported tuning range improvements were for MWBEFL with 10-GHz channel spacing (0.088-nm Brillouin frequency shift).
In this paper, we report, for the first time, to the best of our knowledge, a wideband MWBEFL with double Brillouin frequency shift that can be tuned in the whole of C þ L bands. Six stable output channels that can be tuned over 80 nm, from 1530 nm to 1610 nm, were achieved. The output channels are separated by 0.174 nm, signifying a double Brillouin frequency shift. Also, to the best of our knowledge, this is the highest tuning range produced in MWBEFL with double Brillouin frequency spacing.
Laser Structure and Principle Operation
The experimental setup of the multiwavelength BEFL with double Brillouin frequency spacing is shown in Fig. 1 . The laser structure is formed by a fiber-based two 3-port broad band optical circulators (C1 and C2) with insertion loss of 0.7 dB for each port, return loss ! 50 dB, and operation wavelengths from 1470 nm to 1610 nm (AC Photonics), two gain blocks, i.e., the erbium gain and Brillouin gain, tunable band pass filter (TBPF), and a broad band 20/80 optical coupler (OC) with insertion loss of 7.9/1.3 dB, excess loss of 0.1 dB, and minimum directivity of 50 dB (AC Photonics). The erbium gain block consists of 10-m EDF, a 1480-nm laser diode with maximum power of 150 mW, and a WDM coupler with insertion loss of 0.65 dB for the signal and 0.4 dB for the pump. The EDF has absorption of 12.4 dB/m at 979 nm, 18.79 dB/m at 1531 nm, numerical aperture of 0.22, and mode filed diameter of 6.1 m at 1550 nm (Fibercore). The WDM coupler is used to multiplex the 1480-nm pump laser and the oscillating signal. The Brillouin gain is provided by 10-km -long single mode fiber (Corning's SMF-28). The BP signal is provided by a tunable laser source (Santec MLS-2100) having a maximum output power of 10 dBm, $0.2-MHz narrow linewidth, and 100-nm tuning range (1520-1620 nm). The BP signal is injected into the laser cavity through the OC where 80% of the BP power accumulates more energy by passing through optical amplification in the EDF gain medium. The amplified BP signal then propagates through ports 1 and 2 of circulator 2 (C2) to initiate the stimulated Brillouin scattering (SBS) effect in the single mode fiber. The other 20% of the BP power is directly connected to the optical spectrum analyzer (OSA; Yokogawa's AQ6370B). The TBPF with 80-nm tunable range, 1.1-nm 3-dB bandwidth, 23-dB extinction ration, 3-dB insertion loss, and 0.1-nm tuning resolution was placed between circulator 1 (C1) and the OC to allow only selective wavelengths to loop back into the laser cavity.
The first-order Stokes signal appears when the input BP signal's power exceeds the threshold power of the Brillouin medium. This first-order Stokes signal propagates in the counter-direction to the propagation direction of the BP signal, towards port 1 of C1 through port 2 and port 3 of C2. Then, the first-order Stokes signal is injected to the 10-km SMF through port 1 and 2 of C1. When the first-order Stokes signal's power goes beyond the threshold condition of the Brillouin gain media, the second-order Brillouin-Stokes signal is generated that will propagate in the opposite direction to the propagation direction of the first-order Stokes signal. Thus, the second-order Brillouin-Stokes signal propagates in the same direction as the BP signal. In this case, the two three-port circulators isolate the odd-order Brillouin-Stokes signal and allow it to circulate within the Brillouin gain medium only. The second-order Brillouin-Stokes signal then passes through port 3 of C1, through the TBPF, through the OC. It further travels through the EDF gain block where it was amplified and finally re-injected into the SMF through ports 1 and 2 of C2. It then acts as the subsequent BP signal to generate higher order Stokes signals. This cascading of Brillouin-Stokes signal generation continues until the total gain in the laser cavity is less than the cavity loss. The output of the laser structure is taken from 20% port of the coupler as shown in Fig. 1 using an OSA with the resolution bandwidth set at 0.02 nm. 
Results and Discussion
The free-running mode of operation of the proposed wideband multiwavelength BEFL was investigated. When the 1480 nm pump signal is injected into the EDF, with its power above the threshold condition and without the BP power been injected into the cavity, the laser operates as a normal fiber laser with a self-lasing cavity modes oscillating at the highest gain region. In the absent of TBPF, the self-lasing cavity modes would oscillate at fix wavelength region. By utilizing a TBPF in the laser structure, the self-lasing cavity modes could be tuned over the EDF gain profile, depending on the tuning range of the TBPF in use. For 150 mW of 1480-nm pump power and without any BP injection, the output spectrum of the self-lasing cavity modes for different setting of the TBPF is shown in Fig. 2 . The self-lasing cavity modes could be tuned over 80-nm spectral range from 1530 nm to 1610 nm. The lasing threshold of the MWBEFL with double Brillouin frequency shift was investigated for 3 different BP signal powers of 0 dBm, 5 dBm, and 10 dBm. For each of the selected BP signal power, the BP wavelength was varied from 1530 nm to 1610 nm with a step of 10 nm. In each case, the required 1480-nm laser pump power to get the lasing of the first-double Brillouin frequency shift Stokes signal (threshold power) is recorded. Fig. 3 shows the plot of Channels generation at maximum BP signal and pump powers of 10 dBm and 150 mW respectively are investigated over the C þ L bands. At BP wavelength range of 1550 nm to 1565 nm, 8 channels are generated. At BP wavelength range of 1535 nm to 1545 nm and also 1570 nm to 1605 nm, up to seven channels are generated. At BP wavelengths of 1530 nm and 1610 nm, six channels are generated as depicted in Fig. 4 . This observation has resulted because of the gain profile of the erbium amplification. In addition, Fig. 4 shows the relationship between total powers of the output channels for different BP wavelengths. The total output power of the laser system depends on the number of output channels generated. The maximum channel output power occurs at 1560 nm, which indicates the highest gain from the EDF. This also corresponds to the higher number of output channels at this wavelength. If we tune away far from the peak EDF gain, then the total output power gets lower due to lower number of generated output channels at the detuned wavelengths of 1530 and 1620 nm.
Magnified view of the output spectrum of the MWBEFL for different BP wavelengths in the C þ L bands is depicted in Fig. 5 . Fig. 5(a)-(f) show the magnified output spectrum where the BP wavelengths are chosen at 1530 nm, 1550 nm, 1570 nm, 1590 nm, 1600 nm, and 1610 nm. At 1530 nm, six output channels are generated at 150 mW and 10 dBm of 1480-nm pump and BP powers, respectively. The generated six output channels are maintained throughout the tuning range for the same settings of 1480-nm pump and BP powers as illustrated in Fig. 5 . The number of output channels increases to eight at 1550 nm as depicted in Fig. 5(b) .
To investigate the effect of self-lasing cavity modes that inherently limits the tuning range of BEFL, we set the MWBEFL to the maximum pumping powers and then tune the TBPF in conjunction with modifying the BP wavelength over the C þ L bands, from 1530 nm to 1610 nm with a step of 10 nm. It is noted that the six output channels with double-Brillouin frequency spacing can be tuned within 80-nm wavelength range. This wideband tuning range is attributed to the TBPF that is used to suppress the effect of other potential modes from circulating in the laser cavity, thereby eliminating the effect of self-lasing cavity modes within the tunable range of the TBPF. The output spectrum of the MWBEFL devoid of the self-lasing cavity modes is depicted in Fig. 6 .
One of the most important parameters of a laser is its stability. We measured the stability of the 1480-nm pump laser and BP before hand over a period of one hour. Over this period of time, both pumping power works with good stability with maximum power fluctuations of À8.86 dBm and À19.2 dBm for the pump laser and BP, respectively. Then, the stabilities of the generated output channels are investigated at the pump power of 150 mW and the BP power of 5 mW at 1590-nm wavelength.
The output channels were scanned at every 5-minute interval over an investigation period of 60 min. Fig. 7 shows the deviation of the six output channels peak power over the investigation period. Over this period of time, the six output channels show very stable operation. The power fluctuations of the fifth and sixth output channels are higher than the four others. This is owing to the fact that the fifth and sixth output channels have not reached their saturation levels; thus, their peaks power are sensitive to the net gain fluctuation in the laser cavity.
Conclusion
We have successfully demonstrated a MWBEFL that can be widely tuned over C þ L bands of the optical communications window. At BP signal power of 10 dBm with corresponding 1480-nm pump power of 150 mW, six output channels can be tuned over 80-nm range, from 1530 nm to 1610 nm. The output channels are rigidly separated by 0.174 nm. This was achieved by isolating the oddorder Brillouin-Stokes signal. The wideband tunability that was obtained is attributed to employing TBPF that is used to suppress the out-of-band amplified spontaneous emission from circulating in the laser cavity. The generated output channels are very stable showing a small power fluctuation over the duration of 60 minutes.
